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Determination of Particle Effective Density in Urban
Environments with a Differential Mobility Analyzer and
Aerosol Particle Mass Analyzer

Michael Geller, Subhasis Biswas, and Constantinos Sioutas
Department of Civil & Environmental Engineering, University of Southern California,
Los Angeles, California, USA

Effective densities of atmospheric aerosols in various locations
of the Los Angeles Basin were determined by a DMA-APM tech-
nique. Effective density was calculated by comparing voltage dis-
tributions of sampled atmospheric aerosols with PSL particles of
known density. The five sites chosen for field experiments were:
(1) Interstate-710 Freeway, impacted by heavy-duty diesel vehi-
cles; (2) State Route CA-110, open only to gasoline vehicles; (3)
Riverside, a receptor site known for secondary particle forma-
tion; (4) University of Southern California, a typical urban and
industrial environment; and (5) Coast for marine aerosol. The size
range selected for this study was from 50 nm to 414 nm. While
50 nm particles exhibited a single effective density multiple effec-
tive densities were measured for each of the other particle sizes as
significant fractions of these particles are transported from back-
ground sources. Regardless of location, 322–414 nm particle ef-
fective densities were considerably lower than unity. The lowest
effective densities (∼0.1 g cm−3) were reported for I-710, confirm-
ing that diesel combustion aerosols are rich in chain agglomerates
with large void spaces. Riverside exhibited high effective densities
(∼1.2–1.5 g cm−3) for 50–202 nm particles, which we hypothesize
is due to transformations that occur during advection from Los
Angeles. Measurements of diurnal variation of effective density
at Riverside support this hypothesis. Overall, our results suggest
that effective density declines as the particle mobility diameter in-
creases irrespective of location. Fractal dimensions calculated from
average effective densities were lowest for I-710 (D f = 2.41) and
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CA-110 (D f = 2.54) aerosols, presumably due to the influence of
vehicular combustion emission on these sites. By contrast, average
fractal dimensions at USC, Riverside and Coast were found to be
2.79, 2.83, and 2.92, respectively. High fractal dimensions at these
sites may be the effects of aging, moisture absorption and/or or-
ganic vapor condensation on the particles, which fills void space
and makes particles more spherical.

INTRODUCTION
Recent toxicological and epidemiological research has found

various adverse health effects related to fine and ultrafine parti-
cles (Dockery and Pope 1994; Peters et al. 1997; Li et al. 2003;
Oberdörster et al. 1996). However, the mechanisms by which
these health effects are elicited have not been determined, cre-
ating speculation that chemistry, surface area, number of parti-
cles, or a combination of these properties may be responsible.
Additionally, a current review of epidemiological studies has
found a relationship between freeways and cancer rates (Mack
2004). Ambient particles, unlike other gaseous co-pollutants,
are unique in that their complete characterization would require
knowledge of their size distribution, mass, and number con-
centrations as well as their chemical composition. All of these
important parameters determine the site of particle deposition
in the respiratory track and the degree to which they may exert
adverse health effects.

In addition to the above list, particle density is an important
parameter, because it determines the transport and depositional
properties of particles in lungs. In most cases, the “average”
particle density of a given size range (which, in most studies,
is restricted to fine PM, or PM2.5) is determined indirectly by
knowing the bulk chemical composition of that range. Typi-
cally, this involves measurement of the relative mass fractions
of key PM constituents, such as elemental and organic carbon
(EC-OC), inorganic ions (sulfate, nitrate, and ammonium) and
selected trace elements and metals. Atmospheric aerosol par-
ticles are often assumed to be completely spherical in shape,
but combustion-generated particles are ubiquitously found to
grow from nearly spherical primary particles into fractal-like
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710 M. GELLER ET AL.

agglomerate structures with high carbon content. Combustion is
a well-known source of fine and ultrafine particles and a source
to which humans are frequently exposed, especially in relation
to traffic and mobile sources. Diesel engines in particular emit
large amounts of these agglomerate soot particles (Park et al.
2004; Burtscher 2005).

Agglomerate particles are characterized by high surface area
and low density, both of which have implications in toxicity and
deposition in the lungs. To account for particle morphologies
substantially different from spherical shapes, the term “effective
density” has often been employed in the aerosol field. Effective
density is the ratio of mass to volume based on the mobility
equivalent diameter and is defined by the following equation:

ρe = d3
ve

d3
me

ρtrue, [1]

where ρe is the effective density, dve is the volume equivalent
diameter, dme is the mobility equivalent diameter, and ρtrue is the
bulk density of the material (McMurry et al. 2002).

The fractal dimension (D f ) is an indirect measure of the mor-
phology of irregularly shaped agglomerate particles. Tradition-
ally, light-scattering measurements as well as transmission elec-
tron microscopy (TEM) have been used to provide data on the
soot fractal dimension. However, these methods are very tedious,
as they only measure few particles at a time, and they cannot be
used “on-line” to provide this information near-continuously.
These methods also contribute to the discrepancy of soot ag-
gregate properties; light-scattering data are heavily weighted by
particles at the large end of the size distribution. TEM deriva-
tions of the fractal dimension of 3D objects are limited to a two-
dimensional field, and thus suffer from problems of primary par-
ticle overlap, screening effects, and cluster anisotropy (Wentzel
et al. 2003). The various measurement techniques presume dif-
ferent definitions for particle size, including radius of gyration,
maximum length and mobility diameter. Kutz and Schmidt-Ott
(1990) coupled a differential mobility analyzer (DMA) with an
impactor to collect particles for TEM analysis. Although this
study incorporated mobility diameter measurements, it still suf-
fered from the TEM limitations discussed above.

Fractal dimension (D f ) can readily be measured if one knows
the effective density of particles of difference sizes. The rela-
tionship is given by Park et al. (2003):

ρe = Cd D f −3
me , [2]

where D f is fractal dimension and C is a constant.
Researchers have used different experimental approaches to

determine particle effective density. Few studies have been car-
ried out to determine its seasonal and diurnal characteristics
for PM2.5 (Morawska et al. 1999; Kuhlbusch et al. 2001; Pitz
et al. 2003). Hanel and Thudium (1977) determined the bulk
dry aerosol density by measuring the volume and mass of parti-
cles, independently. As part of the Pittsburgh Supersite efforts,

Khlystov et al. (2004) developed and algorithm to merge SMPS
and APS distributions and combined them with MOUDI mass
concentrations to determine aerosol density for size fractionated
PM10. Recently, researchers have employed a tandem set-up of
a DMA and electrical low-pressure impactor (ELPI) for diesel
particles (Maricq et al. 2000; Ahlvik et al. 1998). Virtanen et al.
(2004) calculated effective density by simultaneously measuring
the mobility and aerodynamic size distributions with an SMPS
and an ELPI, using a best-fit technique to match distributions.
These studies eliminate the need to visually inspect particles in
order to estimate their fractal dimension, which increases the
number of particles that can be sampled. Recent studies, how-
ever, have indicated rapid overloading in ELPI impactor stages
due to the “fluffy” structure of diesel particles, reducing their
usefulness (Van Gulijk et al. 2001). McMurry et al. (2002) devel-
oped a novel and elegant technique to measure particle effective
density via a tandem differential mobility analyzer (TDMA) and
aerosol particle mass analyzer (APM). The number of particles
that can be sampled greatly increases with this method.

The present study employs the same DMA-APM set-up used
by McMurry et al. (2002) to determine the effective density of
various types of atmospheric aerosols in the Los Angeles Basin.
Building upon the findings of the McMurry et al. (2002) study,
which was conducted in one location and was restricted to two
aerosol mobility diameters, our study’s goal was to create a
broader database of effective aerosol densities for different par-
ticle sizes in the range of 50 to 414 nm and at different locations
in Southern California, each of which is impacted by distinct
particle sources and formation mechanisms.

METHODS

Experimental Design
This study is based on a methodology similar to one devel-

oped by McMurry et al. (2002), in which a differential mobility
analyzer (DMA) precedes the APM. A schematic of the DMA-
APM setup is shown in Figure 1. A near-monodisperse aerosol
of a known particle mobility diameter is selected by the DMA
of the Scanning Mobility Particle Sizer (SMPS Model 3081,
TSI Inc., St. Paul, MN), which is connected upstream of the
APM (Model 10, Kanomax USA inc, Andover, NJ). The DMA
is equipped with a Kr85 neutralizer that brings the aerosols to the
Boltzmann equilibrium. The inlet and sheath flow rates in the
DMA were 0.5 liters per minute (LPM) and 5.0 LPM, respec-
tively. This configuration enables the system to select particles
between 15 nm and 500 nm, affording flexibility to select both
ultrafine and accumulation mode particles.

Ehara et al. (1996) first proposed the APM to classify particles
according to their mass to charge ratios. Classification occurs
between the narrow annular space, also termed the operating
space, available between two rotating coaxial cylindrical elec-
trodes. The outer cylinder (inner radius = 63 mm) is grounded
while classifying voltage is applied to the inner cylinder (outer
radius = 60 mm). The angular velocity of inner and outer
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FIG. 1. Schematic diagram of DMA-APM set-up.

electrodes is the same. Therefore, when the aerosol is introduced
into the operating space, it acquires the same angular velocity
as that of the electrodes. Particles thus experience radial elec-
trical and centrifugal forces, which act in opposite directions.
When the forces balance each other, the particles will penetrate
through the rotating cylinders to the downstream detector. The
principal equation describing the force balance is:

mω2r = πd3
ve

6
ρtrueω

2r = neEAPM, [3]

where m is particle mass, ω is APM angular velocity, r is the
radial distance to the annular gap from the axis of rotation, and
EAPM is the electric field.

After selection by the DMA, particles mix with 0.5 LPM of
particle-free air (HEPA capsule, Gelman laboratory) and then
pass through the APM. A Condensation Particle Counter (CPC
Model 3022A, TSI Inc., St. Paul, MN) counts those particles that
have the APM-selected mass. The CPC operated at 0.3 LPM,
therefore a diaphragm pump pulled an additional 0.7 LPM in
order to satisfy the 1.0 LPM minimum flow requirement of the
APM. Three APM rotational velocities (1000 RPM, 2000 RPM,
3000 RPM) were chosen in order to adequately measure the de-
sired size range of particles. Higher rotational velocities make it
possible to sample less massive particles. For each particle size,
the voltage on the APM was scanned manually, and the parti-
cle concentrations corresponding to each voltage were recorded.
The residence time of the APM was considered when matching
particle concentrations measured by the CPC with their corre-
sponding voltage settings on the APM. Thus, APM voltage was
fixed for a time period much longer than its residence time to
account for transient particle penetration between voltage steps.
In addition, concentrations at the beginning and end of measure-
ments at each voltage step were discarded.

PSL particle sizes were selected keeping in mind the limita-
tions of both the DMA and the APM. The APM voltage corre-
sponding to the maximum number concentration for the selected
PSL particle size was used as the reference voltage (VAPM PSL)
in Equations (4–6).

m testω
2r

mPSLω2r
= ρtrue

πd3
ve

6

ρPSL
πd3

PSL
6

= neEAPM-sample

neEAPM-PSL
= VAPM-sample

VAPM-PSL
, [4]

where, VAPM is the APM voltage for sample and PSL aerosols,
and ρPSL is the material density of PSL particles.

For spherical particles dve = dme = dPSL, therefore

ρtrue(sphere) = ρPSL
VAPM-sample

VAPM-PSL
, [5]

and the effective density of irregularly shaped particles can be
given by

ρe = ρPSL
VAPM-sample

VAPM–PSL
. [6]

Laboratory Experiments
Before performing ambient sampling, PSL particles between

50–414 nm were measured by the DMA-APM tandem to con-
struct each particle’s reference voltage distribution. Monodis-
perse polystyrene latex (PSL, Polyscience Inc., Warrington, PA)
particles were generated by atomizing their respective solutions
with a constant output Nebulizer (HEART, VORTRAN Med-
ical Technology, Inc., Sacramento, CA). Sufficient dilution of
HEPA-filtered, particle free dry room air was supplied in a 2-liter
glass container to remove moisture from the nebulized particles.



D
ow

nl
oa

de
d 

A
t: 

16
:4

7 
17

 J
un

e 
20

08
 

712 M. GELLER ET AL.

Particles were neutralized by a series of Po-210 neutralizers
(NDR Inc., Grand Island, NY) before entering the DMA-APM
tandem. The density of PSL particles is 1.054 g cm−3, which has
been used as the reference density for particle effective density
calculations.

Atmospheric Experiments
To determine the effective density of atmospheric particles

with different characteristics, sampling was conducted at five lo-
cations in the Los Angeles Basin, each of which is influenced by
varied emission sources and formation mechanisms (Figure 2).
The sampling period extended from early September to late Oc-
tober of 2005, with 5–7 days spent at each site. The University
of Southern California’s Particle Instrumentation Unit of the
Southern California Supersite (USC) represents a typical ur-
ban/traffic/industrial environment. It is about 100 m downwind
of CA-110 freeway and 2 miles south of downtown Los Ange-
les. The next sampling location was a site 5 meters away from
I-710 freeway in Downey, CA. This eight-lane freeway is a ma-
jor heavy commercial truck route with approximately 25–30%
diesel truck traffic (Zhu et al. 2002). Previous studies have shown
that a relatively high elemental carbon content and low effective
density characterizes particles generated due to diesel combus-
tion (Sharma et al. 2005; Burtscher 2005; Keskinen et al. 1998).
State Route 110 (CA-110), between downtown Los Angeles and
Pasadena, CA (USA) is the oldest freeway in the United States
and thus cannot accommodate large trucks. It offers a unique op-
portunity to sample particles generated predominantly by light-
duty gasoline vehicles. The sampling location is in the Hermon
Park within 2–3 meters from the edge of the freeway. The River-
side site is situated within the facilities of the Citrus Research
Center and the Agricultural Experiment Station of the University
of California, Riverside. It is a receptor site, as aged particles
from Los Angeles are advected to the site by the westerly winds
(Geller et al. 2002). It is also influenced by the upwind sta-
tionary ammonia sources that react with advected NOx to form

FIG. 2. Location of sampling sites.

ammonium nitrate. In addition, Riverside is a typical location
for photochemical organic aerosol formation due to high solar
radiation that contributes to temperatures often in excess of 30◦C
during the afternoon. Coastal aerosols were measured at El Se-
gundo beach on the Pacific coast. This site is impacted by marine
aerosols comprised mainly of sea salt and organic compounds.
The average number concentration in the afternoon is very low,
typically in the range of 2,000–5,000 particles cm−3 (Biswas
et al. 2005) because the onshore flow during the afternoon is
stronger. The concentrations at this site may be slightly higher
in the morning when the offshore flow from overnight moves the
more polluted urban mix towards the coast, where it stagnates
(Hughes et al. 1999). Finally, we measured effective densities
of particles generated by a brush fire, which flared up during the
study period. Sampling occurred on one afternoon at a location
within two miles downwind of the fire. The opportunistic nature
of this event and the relative unpredictability of the fire and wind
directions allowed for measurement of only two particle sizes.

RESULTS AND DISCUSSION

Laboratory Experiments
The first phase of the laboratory evaluation was to determine

the reference APM voltages for particles of known size and den-
sity. Before scanning the voltage with the APM, the DMA was
connected directly to the CPC to confirm the mode particle di-
ameter of the PSL number concentration and the degree to which
each aerosol was monodisperse. The DMA was set to the voltage
(or mobility diameter) corresponding to the maximum number
concentration from the mobility scan. An iterative process of
varying voltage and rotational velocity allowed us to select a
set of APM operating parameters to scan voltages within the
range of the instrument. Table 1 summarizes the APM operating
characteristics, and Figure 3 illustrates particle number concen-
trations (N) penetrating the APM as a function of APM voltage
for all sampled PSL particle sizes. Due to the large variation
between number concentrations of different particle sizes, N for
50 nm PSL is plotted on the primary (left) y-axis, while all other
PSL sizes are plotted on the secondary (right) y-axis. It is evident
from this figure that small changes in particle diameter equate to

TABLE 1
APM sampling parameters

Particle diameter Rotational velocity PSL peak voltage
(nm) (RPM) (V)

50 3000 14
118 2000 75
146 2000 140
202 1000 130
322 1000 760
414 1000 1660
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PARTICLE EFFECTIVE DENSITY IN URBAN ENVIRONMENTS 713

FIG. 3. Number concentration downstream of APM versus APM classifying voltage for PSL spheres.

large variations in APM voltage. Because of constraints of the
APM, 50 nm particles were the smallest reliably sampled in this
study, and the greater width of the voltage distribution at this
size is most likely the result of proximity to the limit of detec-
tion (LOD) of the APM. The APM operating characteristics for
each particle size remained constant throughout all successive
experiments.

Spatial Variability of Density
The apparent particle density depends on many parameters,

including temperature and humidity, radiation, wind conditions,
and atmospheric mixing (Pitz et al. 2003). Thus, effective den-
sity is expected to be quite variable and uncorrelated to a sin-
gle meteorological or particulate measurement parameter. Since
this study focuses on the effective density variability based on
size and site, care was taken to ensure that data were recorded
during periods that are representative of the prevailing ambient
conditions in the Los Angeles Basin. A case study presenting
preliminary results on diurnal variation of effective density is
presented later in this discussion, but further analysis is beyond
the scope of this study.

Samples were usually taken during the afternoon hours
(12:00–16:00) at each location in order to minimize the bias
due to diurnal density changes. Because sampling at each site
occurred during a defined short time interval, multiple scans for
each particle size were similar. Approximately 2–4 scans last-
ing between 30–60 minutes each for every particle size were
recorded, of which representative scans at each location are pre-
sented. In addition to sampling within the prescribed time inter-
val, representative scans were selected such that the times of the
scans nearly coincided at each location. Table 2 describes the lo-
cal weather conditions at each site on the days sampled. With the
exception of Riverside, temperatures and relative humidities are

generally comparable between sites. Riverside’s location about
100 km inland and in the vicinity of Southern California deserts
accounts for its distinctive meteorology, which in general led to
warmer and drier conditions compared to the rest of the sites.

Upon completion of the reference measurements, the system
was deployed at all prescribed field locations. The following
section discusses the associations between effective density and
particle size at the different field locations. A figure showing a
typical DMA-APM voltage scan is presented in Figure 4. The
peaks of the voltage distribution were used to determine effec-
tive densities, and the data are summarized in Table 3. In some
locations, data could not be collected for a particle size because
ambient concentrations were below the detection limit of the
instrument.

As previously mentioned, 50 nm was the lowest particle size
selected for effective density measurements. Also noted earlier,
50 nm is near the LOD of the APM, which is likely to be a
reason for broadening of the voltage distributions for these par-
ticles. The effective densities at I-710, CA-110, and USC are
around unity, which, along with the assumption that these par-
ticles are close to spherical, is likely explained by condensation

TABLE 2
Ambient temperature and relative humidity ranges

for all sampling locations

Sampling location Temp (◦C) RH (%)

USC 20.0–22.2 55.0–63.0
Interstate-110 freeway 20.1–25.6 36.0–66.0
Riverside 23.3–31.7 11.0–56.0
Coast 16.7–21.1 71.0–93.0
Interstate-710 freeway 19.4–26.7 45.0–84.1
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FIG. 4. Number concentration through DMA-APM as a function of APM voltage for atmospheric particles at I-710 with dme = 118 nm.

of organic vapors onto a solid core particle. These three sites are
most influenced by vehicular sources, which emit semivolatile
particles, mostly found in the sub-50 nm range following nucle-
ation and growth processes (Harris and Maricq 2001; Sakurai
et al. 2003). Maricq et al. (2004) reported ρe = 1.2 g cm−3 for
50 nm diesel soot by using an Electrical Low Pressure Impactor
(ELPI) and SMPS while Park et al. (2003) stated a density of
∼1 g cm−3 by comparing SMPS and filter mass measurements.

Previous studies at CA-110 have demonstrated that these
particles may be internally or externally mixed, depending on
size, and are highly volatile in nature (Kuhn et al. 2005 a,b).
USC and CA-110 had two measured effective densities, 0.98 g
cm−3/1.51 g cm−3 and 1.24 ± 0.05 g cm−3/1.65 g cm−3, respec-
tively, suggesting externally mixed aerosol populations. This
range of densities may be explained by particles being a mixture
of chemical components, the majority of which is composed of
elemental carbon, organic carbon, and water vapor. Organic spe-
ciation of ultrafine particles from dynamometer and tunnel stud-
ies has yielded a component known as the unresolved complex
mixture (UCM), which resembles motor oil (ρ ∼ 0.87 g cm−3)
in gas chromatograph traces (Phuleria et al. 2006; Schauer et al.
1999). Black carbon has a density between 1.8 and 2.1 g cm−3

(Lide 1992), and organic compounds can have densities between
0.77 and 1.90 g cm−3 (Turpin and Lim 2001). Thus, a particle
containing some amount of each will likely exhibit a density that
is an average of its component densities.

Coastal 50 nm particles demonstrated an effective density of
0.90 g cm−3. Interestingly, Turpin and Lim (2001) estimated
nearly the same aerosol density for San Nicolas Island, a back-
ground site for Los Angeles. Coastal marine aerosols predomi-
nantly consist of organics with high moisture content, which may
lead to such low effective density particles (Jaffe et al. 2005). It
is also possible that particles emitted from ships anchored off the

Southern California coast affect the coastal site at certain times,
which would also justify the low measured density. It should be
noted that USC and coastal measurements of 50 nm particles
produced the widest voltage distributions, which may be due
to low concentrations at these sites that may result in statistical
uncertainty.

It is evident from Table 3 that the average measured effective
density of 50 nm particles at Riverside, 1.41 ± 0.12 g cm−3,
differs significantly from the other locations. The number-based
particle size distributions in that location during the photochem-
ically active period (defined in Los Angeles as the period be-
tween April through October) are bimodal, with a distinct mode
between 40–60 nm and another at 90–110 nm (Kim et al. 2002).
The smaller mode particles, which are likely organic in nature,
are thought to be generated by photochemical reactions (Blando
and Turpin 2000; Jang et al. 2002), whereas the larger mode par-
ticles represent an aged aerosol advected eastward to that area
of Riverside from central Los Angeles (Fine et al. 2004). His-
torically, the density of secondary organic aerosol (SOA) was
estimated by elaborate chemical speciation and mathematical
calculations (Bahreini et al. 2005). It is difficult, however, to
identify the complete composition of SOA due to instrumental
limitations that prevent us from identifying all species formed
by these atmospheric reactions. An effective density of approx-
imately 1.4 g cm−3 is expected for unseeded SOA aerosols as
most of the organic precursors are of similar density (Bahareini
et al. 2005).

All sites, with the exception of I-710 and CA-110, have
118 nm particles with effective densities greater than unity. CA-
110 and I-710 emissions contained particles with effective den-
sities as low as 0.70 g cm−3 and 0.56 g cm−3, respectively,
indicating the presence of chain agglomerates with fractal di-
mensions <3.0. The 710 freeway is influenced by heavy-duty
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TABLE 3
Summary of APM measurements conducted in the Los Angeles Basin in September/October 2004

APM Voltage, Number Effective Density, Aerodynamic
V Concentration, cm−3 g cm−3 diameter, nm

Location Date Time V1 V2 V3 N1 N2 N3 ρe1 ρe2 ρe3 dae1 dae2 dae3

dme = 50 nm
710 9/20/2005 16:45–18:00 13 — — 10.5 — — 0.98 — — 50 — —

9/21/2005 14:15–15:00 16 — — 10.0 — — 1.20 — — 53 — —
110 9/26/2005 15:30–16:30 17 — — 7.3 — — 1.28 — — 54 — —

9/28/2005 13:00–13:30 16 22 — 6.5 4.2 — 1.20 1.66 — 53 59 —
USC 9/8/2005 16:00–17:00 13 20 — 1.0 0.7 — 0.98 — — 50 — —
Coast 9/23/2005 16:15–17:00 12 — — 1.0 — — 0.90 — — 48 — —
Riverside 9/27/2005 14:45–15:15 17 — — 2.5 — — 1.28 — — 54 — —

9/29/2005 14:30–15:00 20 — — 2.8 — — 1.51 — — 57 — —
9/29/2005 16:00–16:30 19 — — 3.0 — — 1.43 — — 56 — —

dme = 118 nm
710 9/20/2005 8:30–10:00 40 60 — 15.0 19.9 — 0.56 0.84 — 97 111 —

9/20/2005 13:00–14:00 40 70 — 3.4 10.1 — 0.56 0.98 — 97 117 —
9/21/2005 8:45–9:45 — 80 160 — 20.8 3.7 — 1.12 2.25 — 123 155
9/21/2005 13:15–14:15 50 90 — 8.4 8.5 — 0.70 1.26 — 105 128 —

110 9/26/2005 12:45–13:45 70 90 — 5.3 7.7 — 0.98 1.26 — 117 128 —
9/26/2005 16:30–17:00 70 100 — 1.7 3.5 — 0.98 1.41 — 117 132 —
9/28/2005 13:30–14:15 50 100 — 1.1 2.5 — 0.70 1.41 — 105 132 —

USC 9/8/2005 17:00–18:00 — 75 — — 3.8 — — 1.05 — — 120 —
Coast 9/23/2005 12:15–13:15 — 90 165 — 1.4 0.4 — 1.26 2.32 — 128 156
Riverside 9/27/2005 10:30–11:15 — 100 175 — 2.0 0.3 — 1.41 2.46 — 132 159

9/27/2005 12:30–13:15 — 100 190 — 2.3 0.2 — 1.41 2.67 — 132 164
9/29/2005 12:30–13:00 — 105 — — 1.1 — — 1.48 — — 134 —
9/29/2005 15:30–16:00 — 100 — — 1.5 — — 1.41 — — 132 —

Fire 9/30/2005 13:15–13:45 — 100 — — 11 — — 1.41 — — 132 —
dme = 202 nm

710 9/20/2005 10:00–11:15 50 — 180 8.8 — 0.6 0.41 — 1.46 149 — 229
9/20/2005 14:30–15:15 50 100 220 10.8 6.9 0.5 0.41 0.81 1.78 149 188 245
9/21/2005 9:45–10:15 — 115 250 — 12.5 0.9 — 0.93 2.03 — 197 256
9/21/2005 11:45–12:45 — 130 — — 6.3 — — 1.05 — — 206 —

110 9/26/2005 13:45–14:30 40 130 — 1.3 3.2 — 0.32 1.05 — 139 206 —
9/26/2005 17:00–17:30 40 140 — 1.3 1.3 — 0.32 1.14 — 139 211 —
9/28/2005 14:15–15:00 40 140 200 1.3 1.5 0.5 0.32 1.14 1.62 139 211 237

USC 9/12/2005 11:00–12:00 — 150 290 — 2.9 0.4 — 1.22 2.35 — 216 269
9/13/2005 15:00–16:00 — 130 — — 1.4 — — 1.05 — — 206 —
9/14/2005 11:00–12:00 40 130 300 0.9 1.8 0.5 0.32 1.05 2.43 139 206 272
9/14/2005 13:00–13:45 — 130 260 — 1.3 0.4 — 1.05 2.11 — 206 259

Coast 9/23/2005 13:15–14:15 — 120 260 1.7 0.5 0.97 2.11 — 200 259
Riverside 9/27/2005 9:00–10:00 60 130 — 1.9 3.8 — 0.49 1.05 — 159 206 —

9/27/2005 13:15–13:45 — 140 — — 1.4 — — 1.14 — — 211 —
9/27/2005 16:00–16:30 — 135 — — 2.1 — — 1.09 — — 208 —
10/11/2005 10:45–11:30 50 130 — 1.4 2.0 — 0.41 1.05 — 149 206 —
10/11/2005 14:15–15:00 80 135 — 1.0 2.4 — 0.65 1.09 — 175 208 —

Fire 9/30/2005 12:15–13:15 120 260 17.0 2.0 0.97 2.11 — 200 259

(Continued on next page)
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TABLE 3
Summary of APM measurements conducted in the Los Angeles Basin in September/October 2004 (Continued)

APM Voltage, Number Effective Density, Aerodynamic
V Concentration, cm−3 g cm−3 diameter, nm

Location Date Time V1 V2 V3 N1 N2 N3 ρe1 ρe2 ρe3 dae1 dae2 dae3

dme = 322 nm
710 9/20/2005 11:15–12:00 150 350 — 0.6 1.1 — 0.21 0.49 — 191 253 —

9/20/2005 15:15–16:00 110 440 — 1.1 0.8 — 0.15 0.61 — 172 273 —
9/21/2005 10:15–11:00 100 500 — 1.2 1.4 — 0.14 0.69 — 167 285 —
9/21/2005 12:40–13:15 140 540 — 1.0 0.6 — 0.19 0.75 — 186 292 —

110 9/26/2005 14:30–15:30 200 570 — 0.2 0.4 — 0.28 0.79 — 210 298 —
9/26/2005 17:45–18:15 150 — — 0.2 — — 0.21 — — 191 — —
9/28/2005 12:30–13:00 200 — — 0.2 — — 0.28 — — 210 — —

USC 9/12/2005 12:00–13:00 — 530 — — 0.7 — — 0.74 — — 291 —
9/13/2005 11:00–12:00 — 530 — — 0.3 — — 0.74 — — 291 —
9/14/2005 12:00–13:00 — 550 — — 0.9 — — 0.76 — — 294 —
9/14/2005 14:30–15:15 — 510 — — 0.7 — — 0.71 — — 287 —

dme = 414 nm
710 9/20/2005 12:00–13:00 200 700 — 0.9 0.5 — 0.12 0.42 — 204 310 —

9/20/2005 16:00–16:45 170 900 1000 0.7 0.2 0.3 0.10 0.54 0.60 194 338 350
9/21/2005 8:00–9:00 200 — 1000 1.8 — 0.7 0.12 — 0.60 204 — 350
9/21/2005 11:00–11:45 — — 1100 — — 0.3 — — 0.66 — — 361

USC 9/14/2005 13:45–14:30 — — 1100 — — 0.2 — — 0.66 — — 361

diesel vehicles, which commonly emit two distinct modes of
particles. One mode consists of carbonaceous solid agglomer-
ate particles, occurring between 100–200 nm in mobility diam-
eter, while the more volatile particles exist in the sub-50 nm
mode, as discussed earlier (Harris and Maricq 2001; Sakurai
et al. 2003; Kuhn et al. 2005a,b). The particles at I-710 appear
to be externally mixed with the majority existing as organic
droplets and a smaller population of low-density agglomerates.
Fractal agglomerate particles of 118 nm mobility diameter were
found only on one day and in much lower concentrations at
CA-110 because only gasoline vehicle emissions impact the
site, which in general tend to emit lower elemental carbon than
heavy duty diesel (Schauer et al. 2002). Furthermore, the num-
ber distribution rapidly drops off after 50 nm at CA-110, which
means that 118 nm particles sampled at this site may likely be
more closely associated with the urban background (Kuhn et al.
2005a). Therefore, measured densities between 0.98 and 1.41 g
cm−3 are probably indicative of complex particles, composed of
ammonium nitrate, metals, organic compounds and water (Kuhn
et al. 2005b). The majority of 118 nm particles in the coastal
site also exhibited an effective density close to 1.26 g cm−3,
which is likely due to hydrated sulfate droplets. As argued by
Kleeman et al. (1999), the similarity in sulfate concentrations
throughout the Los Angeles basin confirms that the majority of
the sub-micrometer sulfate aerosol in that area in recent years is
advected into the urban area from over the Pacific Ocean, with
a minority of the sulfate aerosol formed by atmospheric reac-

tions within the air basin itself. This situation is due to the strict
controls on SO2 emissions that have been adopted in the South
Coast Air Basin.

The effective density measured for 118 nm particles at USC
is similar to that at I-710 although the lower effective density
agglomerates are missing. The site is impacted by mostly light
duty and some heavy duty vehicle emissions (although to a much
lesser extent than the I-710), and is located sufficiently far down-
wind from the freeway for nuclei mode particles to grow to that
range, as demonstrated by the experimental measurements of
Zhu et al. (2002) and the modeling work of Zhang et al. (2005).
Supersaturated organic vapors condensing onto the surface of
these particles result in densities around 1.0 g cm−3.

An interesting observation is that the density of 118 nm parti-
cles was slightly higher than that of 50 nm particles at Riverside.
This may be because 118 nm particles are likely an internal mix-
ture of heavier components, such as ammonium nitrate and or-
ganic compounds, which form during advection and long range
transport of air parcels from Los Angeles to the receptor site of
Riverside, situated about 100 km downwind.

Due to time and other experimental field constraints, field
measurements of 146 nm particles were only conducted at a
few of the sampling locations. At USC, 146 nm particles had a
higher effective density (ρe = 1.43 g cm−3) than 118 nm par-
ticles (ρe = 1.05 g cm−3), which may be due to the additional
condensation of higher density species such as ammonium ni-
trate on to primary particles. It should be noted that in this as
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well as other locations of our study, the influence of the nearby
freeways decreases with increasing particle size, suggesting that
a significant fraction of these larger particles are representative
of the urban background aerosol. I-710 particles with 146 nm
diameter also exhibited a bimodal distribution, with two signif-
icant differences from 118 nm. The higher density mode occurs
at ρe = 1.43 g cm−3, compared to ρe = 1.05 g cm−3 for 118 nm
particles. This difference may be explained by a higher contri-
bution of urban background (than freeway) to this particle size
or higher association of particle-bound metals and other high-
density compounds from the freeway with this particle size. The
second difference is that the low-density peak of 146 nm parti-
cles (ρe = 0.68 g cm−3) had a higher number concentration than
the high-density peak, which is indicative of a higher percentage
of carbonaceous soot agglomerates, directly emitted by diesel
vehicles on the freeway, at that mobility diameter. Similar to
118 nm particles, the majority of 146 nm particles at Riverside
are part of an aged aerosol transported from Los Angeles, re-
sulting in an effective density of ρe = 1.38 ± 0.06 g cm−3. Low
densities were measured in the morning and will be discussed
in the subsequent section.

Similar to other sizes, 202 nm particles at USC are mostly
contained in one large mode with ρe = 1.09 ± 0.08 g cm−3, in-
dicative of an internally mixed aerosol of mostly organic chem-
ical composition. The coastal aerosol has a high content of
202 nm particles with effective densities near 1.0 g cm−3, which
is probably due to the large amount of water associated with hy-
groscopic (mostly sulfate) aerosols in that site. The majority of
202 nm particles at I-710 fit into a bimodal distribution with ef-
fective densities of both modes having values less than unity. The
lighter fraction (ρe = 0.41 ± 0 g cm−3) dominated the heavier
one (ρe = 0.93 ± 0.12 g cm−3), which could include low-density
agglomerates that have been coated with organic vapors, result-
ing in an increase in effective density. Density in Riverside is still
well above unity for a majority of 202 nm particles (ρe = 1.09 ±
0.03 g cm−3), but there is a clear decrease when compared to
smaller particle sizes. Although particles within the accumula-
tion mode in Riverside are likely to be internally mixed with
little dependence of chemical composition on particle diameter,
there may be void space or particle bound water associated with
the larger particles that reduces the effective density. Similar
to 146 nm particles, significant concentrations of low-density
particles were measured in the morning.

Unlike other particle sizes, effective densities greater than
2.0 g cm−3 were measured for 118 nm and 202 nm particles.
The higher effective density particles may reflect complex ur-
ban background mixtures of ammonium sulfate, ammonium ni-
trate, and metals observed in previous field studies in the basin
(Hughes et al. 2000). For the marine background aerosols, the
larger peak is 0.97–1.26 g cm−3, which is consistent with the
density of a hygroscopic aerosol at high relative humidity con-
ditions. The much smaller peak at around 2 g cm−3, based solely
on density values, would indicate that sea salt spray generated by
breaking waves is most likely the source. Sea salt spray is com-

posed of sodium chloride particles, which have a bulk density of
2.16 g cm−3. Although previous studies showed that ocean spray
generates super-micrometer particles (Kleeman et al. 1999), it
is conceivable that the measured particles represent a “tail” in
the size distribution of coarser sodium chloride PM.

McMurry et al. (2002) also reported particle densities close
to 2.0 g cm−3 for 309 nm particles on multiple occasions. While
no conclusions were drawn about the chemical composition of
these particles, the authors of that study did rule out multiple
charging as the source of this signal. It is unlikely that multiply
charged particles are contributing to this secondary mode here
because number concentration decreases rapidly with increasing
particle diameter, and the number of multiply charged particles
is a very minute fraction of total concentration.

During our sampling period, a brush fire occurred in Southern
California, which provided a unique opportunity to determine
effective densities of fire emission particles. Because of the rel-
atively unstable nature of this event due to the changes in both
fire and wind direction, only two sizes, i.e., 118 nm and 202 nm,
could be measured. The particle density is roughly around unity
for 202 nm and 1.4 g cm−3 for 118 nm particles. A previous
study in Southern California reported size distributions with a
mode diameter of 100–200 nm for particles emitted by forest
fires (Phuleria et al. 2005b). The chemical composition of PM2.5

emitted by wood burning and prescribed burns has been shown
to be dominated by organic carbon (Kleeman et al. 1999; Robin-
son et al. 2004). The average of the bulk densities of the various
organic species could result in the reported effective densities.
Another study found wood combustion particles, although com-
posed of small primary particles, to be compact in shape instead
of fractal (Colbeck et al. 1997). This may explain fire-emitted
particle effective densities greater than or equal to unity.

Because 322 nm particles are less abundant in the atmosphere,
concentrations at all locations approached the noise level of the
CPC. No data could be reported for Riverside and the coast.
Regardless of the site, the effective density of 322 nm parti-
cles was almost invariably smaller than unity. The probability
that particles are fractal agglomerates, which have associated
void spaces, would likely increase with particle diameter be-
cause these particles are often altered by atmospheric transfor-
mations and have the potential to scavenge smaller particles. The
two freeway locations both exhibit two distinct effective densi-
ties, at 0.14–0.28 g cm−3 and 0.49–0.79 g cm−3. The lower
end of the range of each is found at I-710, which is likely in-
fluenced by the increased presence of carbon-rich fractal ag-
glomerates from diesel emissions at this site. The existence of
an effective density mode around 0.6–0.8 g cm−3 at each site
may signify that a fraction of 322 nm particles is regional in
nature.

Similar detection limit problems occurred for 414 nm parti-
cles that were found for 322 nm particles. The very low con-
centrations, which were often less than 1 particle per cm3, in-
creased sampling uncertainty so that conclusive data could only
be recorded at USC and I-710. As with 322 nm, all 414 nm
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particles have effective densities below unity, and the reasons
for this are likely similar to those presented for 322 nm particles
above. A very low-density (ρe ∼0.1) population of particles was
measured at I-710.

Diurnal Variability of Particle Density at Riverside
The relative consistency of the vehicle emissions that are the

dominant aerosol source at the freeway sites (I-710 and CA-110)
made it difficult to draw any meaningful conclusions concerning
diurnal variation of effective density in these locations. Limited
data at the coast also prevented analysis of diurnal variability.
Riverside was selected as the site at which to conduct multi-
ple measurements in order to investigate diurnal variability of
particle effective density because of its consistent daily mete-
orological variation (e.g., temperature, relativity, and wind ve-
locity vary similarly from day to day). The daily fluctuation in
wind velocity at Riverside generally favors the impact of local
sources in the mornings, whereas afternoons are dominated by
photochemically produced aerosols as well as regional aerosols
advected to that site from urban upwind locations (Kim et al.
2002; Fine et al. 2004).

As reported in an earlier section, photochemical byproducts
were thought to attribute to the effective density of 50 nm parti-
cles at Riverside (ρe ∼ 1.4 g cm−3). Figure 5 further illustrates
the possible effect of photochemical formation on the effective
density for 50 nm particles. Hourly data have been plotted from
11 October 2005, during which the temperature peaked at 28◦C
between 13:00 and 15:00. The effective particle density during
this time period was 1.35–1.4 g cm−3. As the sun angle rapidly
decreased and temperature declined to 23◦C after 16:00, the
particle density dropped to a value of 1.2 g cm−3.

Particles between 118–202 nm have either a shoulder or sec-
ond mode that occurs only in the morning. Figure 6 displays
the diurnal variation in effective density for 146 nm particles.

FIG. 5. Diurnal variation of effective density for 50 nm atmospheric particles in Riverside, CA.

A significant number of morning particles exhibit densities less
than unity, which is probably an effect of local morning traffic
emissions that can affect the site due to stagnant conditions. In
addition to visible morning traffic effects, effective density at
Riverside varied slightly throughout the afternoon. The possible
effect of photochemistry on 50 nm particles has been previously
discussed, but particles between 118–202 nm also increase in ef-
fective density as the day progresses from morning to afternoon.
It is likely that the stronger advection in the afternoon transports
particles with higher proportions of SOA and ammonium salts,
while particles lose water as temperatures rise.

Dependence of Effective Density on Particle Diameter
From the results of the five particle sizes studied, it is evident

that effective density decreases with increasing particle mobil-
ity diameter. This phenomenon appears to occur regardless of
starting density and location. Figures 7–9 show the relation-
ship between particle effective density and mobility diameter
at I-710, CA-110 and USC, respectively. At I-710 all particle
sizes other than 50 nm have two effective densities associated
with each. These densities appear to align themselves into two
groups: a high effective density line, and a low effective density
line. Both lines decrease with the same slope, which suggests
particle mobility diameter is an important indicator of effective
density. Although not as many data points are available, a simi-
lar trend is observed at CA-110, and effective density decreases
with increasing particle diameter at USC for dp > 200 nm. In
accordance with Equation (2), effective densities of larger ag-
glomerates were determined to be lower than those of smaller
agglomerates, which is likely due to an increase in void space
with agglomerate diameter. Fuchs (1964) opined that effective
density might vary 0.1 to 0.7 times the primary particle density,
while Pontikakis (2001) assumed effective densities as low as
0.05 g cm−3 for modeling of diesel particle retention filters. The



D
ow

nl
oa

de
d 

A
t: 

16
:4

7 
17

 J
un

e 
20

08
 

PARTICLE EFFECTIVE DENSITY IN URBAN ENVIRONMENTS 719

FIG. 6. Diurnal variation of effective density for 146 nm atmospheric particles in Riverside, CA.

results of this study corroborate these arguments and imply the
possible existence of density as low as 0.05 g cm−3.

Table 4 summarizes the effective densities and fractal dimen-
sions reported for all sites and particle sizes sampled. Effective
densities are averaged by particle size and site without considera-
tion of diurnal variation by calculating the centroid APM voltage
from each scan. Laboratory experiments with spherical particles
show particles of different masses penetrate the APM at a par-
ticular voltage, which broadens the distribution, but the centroid
voltage and peak voltage are nearly equal due to the symmetry
of this distribution. The shoulders seen in atmospheric voltage
scans are due to particles with different shapes and/or densi-

FIG. 7. Effective density variation with respect to particle mobility diameter at I-710. Data labels indicate percentage of number concentration measured for
each particle size with respective effective density.

ties. Thus, taking the centroid voltage of a scan with multiple
voltage peaks will be minimally affected by APM separation
efficiency while weighting the average effective density based
on number concentration measured at each voltage. As previ-
ously mentioned, size-averaged effective density decreases with
increasing particle mobility diameter for all effective densities.
This effect is most prominent for I-710, where larger particles
(414 nm) demonstrated average ρe as low as 0.31 g cm−3. Ahlvik
et al. (1998) and Park et al. (2003) also reported similar low ef-
fective densities for diluted diesel exhaust aerosols with a DMA
followed by an ELPI and APM, respectively. The effective den-
sity of the marine aerosol did not show much variation, with
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FIG. 8. Effective density variation with respect to particle mobility diameter at CA-110. Data labels indicate percentage of number concentration measured for
each particle size with respective effective density.

ρe ∼ 1.0 g cm−3 for all particle sizes. Salt particles may ab-
sorb a significant amount of moisture and dissolve into droplets,
which mask any irregularities in shape. Riverside is character-
ized by high-density (ρe > 1) particles between 50 and 202 nm
in diameter, mostly the result of photochemical processes and
advection of the Los Angeles urban plume upwind of that site.
Irrespective of site, 322 nm and 414 nm particles have den-
sities less than unity. Although vehicle sources are known to
emit carbonaceous agglomerates, particles of these two sizes
may also be agglomerates of other primary atmospheric par-

FIG. 9. Effective density variation with respect to particle mobility diameter at USC. Data labels indicate percentage of number concentration measured for each
particle size with respective effective density.

ticles formed during coagulation and atmospheric chemical
reactions.

Estimates of Aerosol Fractal Dimension
The fractal dimension for each location was calculated from

Equation (2) by plotting the logarithm of mobility diameter ver-
sus the logarithm of average effective density values in Table 4.
Fractal dimension can increase with the presence of water, so it
is not surprising that the highest fractal dimension was found at
the coast (D f = 2.92 ± 0.15). The lack of combustion emissions
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TABLE 4
Summary of average effective densities of different field locations and their fractal dimensions

Average effective density (ρe), g cm−3

Mobility diameter
(dm , nm) USC 710-freeway 110-freeway Riverside Coast

50 1.14 ± 0.1 1.13 ± 0.10 1.45 ± 0.12 1.40 ± 0.10 1.19 ± 0.10
118 1.12 ± 0.14 1.00 ± 0.12 1.17 ± 0.02 1.40 ± 0.06 1.14 ± 0.23
146 1.21 ± 0.08 0.94 ± 0.16 NA 1.29 ± 0.06 0.99 ± 0.10
202 1.14 ± 0.24 0.78 ± 0.26 0.99 ± 0.09 1.06 ± 0.09 1.06 ± 0.20
322 0.86 ± 0.11 0.49 ± 0.07 0.59 ± 0.27 NA NA
414 0.73 ± 0.10 0.31 ± 0.02 0.58 ± 0.06 NA NA

Fractal dimension 2.79 ± 0.15 2.41 ± 0.22 2.54 ± 0.28 2.83 ± 0.06 2.92 ± 0.15

at this site also validates this result. Conversely, the I-710 frac-
tal dimension was the lowest of all sites (D f = 2.41 ± 0.22),
presumably due to the much higher contribution of diesel trucks
at that location. Previous dynamometer studies have reported a
fractal dimension of 2.3 ± 0.1 for vehicle exhaust with DMA-
ELPI and DMA-APM systems, which is in good agreement with
the current I-710 results (Maricq et al. 2004; Van Gujik et al.
2004; Park et al. 2003). Diesel freeway aerosols may have higher
fractal dimensions than pure diesel exhaust due to changes in
particles between the tailpipe and the sample inlet as organic
vapors condense on soot particles when exhaust gases mix with
cold air (Kittelson 1998).

CA-110 freeway aerosols had a fractal dimension slightly
higher than I-710 (D f = 2.54 ± 0.28), indicating that gasoline
vehicles generate chain agglomerates, especially in the higher
range of particles (>200 nm). Particles at USC did not have a
particularly low fractal dimension (D f = 2.79±0.15), although
these particles may contain significant amounts of elemental car-
bon (Sardar et al. 2005). The USC location is much farther from
vehicle sources than the two freeway sites. Because fractal ag-
glomerates have a very high surface area, it is conceivable that
they are altered by vapor condensation, adsorption and/or scav-
enging between the time of emission and the time of sampling
at USC. This will lead to morphological changes of the original
aggregate particle to become more compact. Finally, the fractal
dimension in Riverside was calculated as 2.83 ± 0.06. Because
Riverside is significantly downwind of the freshly emitted par-
ticles from Los Angeles, these particles undergo many changes
due to temperature, relative humidity, and chemical reactions be-
fore reaching Riverside. All of these will have an effect on parti-
cle morphology. It is unknown, however, if fractal agglomerates
retain their structure within a droplet or if they become more
compact due to alterations in the primary particle arrangement.

SUMMARY AND CONCLUSIONS
This study employed a previously developed tandem of the

APM and SMPS to determine in-situ effective density of at-
mospheric particles over a mobility size range of 50–414 nm.

Field-testing of ambient particles revealed effective density of
unity or more for 50 nm particles, indicative of their spheri-
cal nature. The lower density of marine aerosols may be due
to the presence of a significant amount of organics. Riverside
aerosols, with an effective density as high as 1.4–1.5 g cm−3

for this particle size, are thought to be generated predominantly
from photochemical reactions.

A significant number of particles at I-710 may be chain ag-
glomerates, which is demonstrated by the bimodal density dis-
tribution measured there. The majority of 118 nm and 146 nm
particles, however, are internally mixed, originating from back-
ground urban sources. Morning traffic can produce a bimodal
density distribution for these particles similar to that of I-710,
as shown by the diurnal variation at Riverside. CA-110 free-
way exhibited low-density 202 nm particles, generated from
gasoline-powered vehicles. The urban and marine background
sources have a higher density fraction at 202 nm mobility size,
which most likely is comprised of ammonium sulfate, ammo-
nium nitrate, and metals.

Low concentrations of 322 nm and 414 nm particles increased
sampling uncertainty at some locations. The effective density
for these particles is very low, ranging from 0.1 to 0.7 g cm−3.
Densities this low are explained by the high probability that these
particles have void space associated with them. It is evident from
the results that with the increase in particle size, effective density
decreased irrespective of location. Thus, it can be concluded that
particle morphology varied from nearly solid spheres in the small
sizes to agglomerate chains at higher sizes.

Although not the focus of this study, diurnal density variation
was revealed at Riverside, CA. Low effective density particles
are present in the morning, due to the influence of local traffic,
but these particles disappear in the afternoon. In addition, the
effective density of both smaller and larger particles increases
in the afternoon, presumably due to increased photochemistry
and higher proportion of secondary organic aerosols. A more
comprehensive examination of diurnal effects at various sites
merits future consideration.

Calculated fractal dimensions yielded predictable results,
with D f = 2.41 for Interstate 710, a freeway with a high
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heavy-duty diesel vehicle traffic. Similarly, a low average par-
ticle fractal dimension (2.54) was found at the gasoline vehi-
cle dominated freeway (CA-110), which is also affected by the
presence of chain agglomerates. The fractal dimensions at USC,
Riverside and the coast were 2.79, 2.87, and 2.92, respectively,
indicating that overall the average shape of particles in these
locations approaches that of a sphere. As one would expect,
fractal dimension increases with distance from traffic emissions
across these sites. The higher fractal dimension at USC com-
pared to the freeway sites demonstrates that fractals diminish
quickly with distance away from freeway, which may be due to
vapor condensation-adsorption on particles. Fractal dimensions
approach 3.0 at Riverside and the coast due to the much lower
impact of emissions from combustion processes at these sites.
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